Global efforts have been made in the past two decades to efficiently manipulate and assemble tiny entities at micro-scale or even nano-scale. In this paper, we discuss our elopment of adding an interactive controller to the emerging optically-induced dielectrophoresis (ODEP) platform which could be used to rapidly and parallelly manipulate micro and nano particles in fluidic medium. We have demonstrated that, with a real-time control interface via a joystick, users can intuitively use the platform to selectively trap and move a single 10um polystyrene micro-bead easily and move it at a maximum velocity of 347 m/s. The frequency spectrum, force and velocity in manipulating micro-beads are investigated to characterize this controller-integrated ODEP system. Through experimental investigation, we have verified that the smoothness of the light motion brings a limit to the speed in manipulating micro entities in a static fluidic medium. It is further shown that there is a possibility to increase the maximum manipulation speed by enhancing both the software and hardware refresh rates for the animated light image projected in an ODEP chip.
I. BACKGROUND
Among different strategies in manipulating micro-scale and nano-scale entities such as optical, electronic, magnetic, physical or even acoustic methods, optically-induced dielectrophoresis (ODEP) is one of the most promising noncontact methods, utilizing the dielectric properties of particles [1] . Before ODEP, traditional dielectrophoretic techniques were used to induce forces on dielectrics under a non-uniform alternating electric field through fixed electrodes fabricated on a substrate. To resolve the inconvenience of fixed electrodes, Chiou et. al. [2] proposed combining dielectrophoresis with optical system, realizing virtual electrodes by projecting light onto a photosensitive material, opening up a new optoelectronic area for many applications.
In the past decade, ODEP has been experimented with different micro-scale or even nano-scale objects, including inorganic entities, biological and organic entities. Examples of nonbiological manipulation include trapping of polystyrene beads [1, 2] and multi-walled carbon nanotubes [3] on a silicon substrate. There are also examples in manipulating biological materials including concentrating colon cancer cells [4] , manipulating bovine white and red blood cells [5] , trapping & distinguishing of HeLa & Jurkat cancer cells [6] [7] . In view of the wide capabilities of the optically-induced dielectrophoresis, Tweezers (OET), it is foreseeable that an addition of some interactivity will make the system a convenient tool for biologists or doctors to intuitively trap and reposition targeted cells or bacteria. To reach this goal, real-time control via a joystick of an ODEP platform is realized in this work performace characteristics and investigated and reported in this paper.
II. THEORY

A. Dielectrophoresis (DEP)
Dielectrophoresis is the phenomenon when a dielectric particle experiences a force in a medium due to a non-uniform alternating electric field. In an alternating non-uniform electric field, different polarizability of a particle and its medium cause unbalanced charge forces, allowing the particle to be attracted to or repelled from a high electric field gradient. With this understanding, the phenomenon can be modelled into the following equation [8] : (1) where is the time-averaged ODEP force on the particle. Clausius-Mossotti factor and the complex permittivity of the particle and the medium is defined as , which is determined by the conductivity, static permittivity and the angular frequency of the electric field. This Clausius-Mossotti factor has a value of a range within and 1 and also determines the final sign of the dielectrophoretic force. When the sign is negative, the particle experiences a repulsive force from strong electric field gradients, known as negative DEP force, whereas the particle experiences an attractive force when the sign is reversed, known as positive DEP force. The DEP force is proportional to the volume of the particle and the square of the electric field gradient. Moreover, the magnitude of DEP force directly depends on the frequency applied as seen in the Clausius-Mossotti factor. In fact,
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B. Optically-induced Dielectrophoresis (ODEP)
The optically-induced dielectrophoresis is a variant of dielectrophoresis where the medium is sandwiched between a conducting electrode and a photoconductive electrode, in which the photoconductive electrode can be made of organic compound [9] , polymer [10] , or typically hydrogenated amorphous silicon (a-Si:H) [2] . The optical power density needed to turn on the a-Si:H is as low as 10mW/m 2 [2] , in which the photon excites the electron and increases the conductivity of the a-Si:H from an order of magnitude of 10 -11
Sm -1 to 10 -5 Sm -1
. [11] . The typical ODEP force field in an ODEP device is simulated and shown Fig. 1 . It shows the force field on a 10 m polystyrene bead in deionized water simulated in COMSOL. The color map shows the force magnitude distribution while the arrows show the direction. The figure is actually the cross section of a ring-pattern projected onto the substrate in which the white areas are the activated areas on the a:Si-H thin film surface. A polystyrene bead would experiences a negative ODEP force from this simulation result. 
C. Stokes Law
Other than ODEP force, electrothermal effect, light-induced density gradient, light-induced electro-osmosis, Brownian motion also exists in an ODEP system [12] . However, in the operation regimes of ODEP, typically at a frequency higher than 10 KHz, optical power below 100mW/m 2 and for particles above 5 m, these forces are negligible compared to ODEP force [12] and the only competing force with ODEP force is the drag force caused by the viscosity of the fluid. This drag force is directly proportional to the velocity of the particle, which also forms the famous Stokes Law [6] : (2) where is kinetic viscosity, R is radius of the particle and v is the velocity of the particle. When the ODEP forces balances with drag force, the equilibrium velocity is given as:
This force is also known as escaping velocity or the maximum trapping velocity [13] that specifies the maximum velocity of the particle that the ODEP force can trap. This velocity is crucial in manipulating micro-scale entities as it limits the maximum speed the system can manipulate a particle. Therefore, in this work, we focused on characterizing the maximum trapping velocity of the interactively controlled ODEP system.
III. SYSTEM SETUP
A. ODEP System
The entire ODEP system consists of a microfluidic chip (i.e., and a projector-microscope platform as shown in Fig. 2 . In Fig. 2(a) , the illustration shows the the ODEP chip which consists of three sections -the top glass slide coated with indium tin oxide (ITO), the fluidic medium with suspended micro-scale entities and the bottom substrate with thin hydrogenated amorphous silicon deposited onto an ITO coated glass [14] . Alternating electric field is applied between the upper and lower substrates by connecting a 0 to 2MHz, 25V pk-pk signal generator to the exposed ITO surfaces of both substrates fixed by copper adhesive tapes. The gap between the top slide and bottom slide can be separated by double-tape spacers of typical widths of 70~80 m.
As illustrated in Fig. 2(b) , the ODEP chip is positioned onto the middle of the motorized stage of an upright microscope (Nikon Ni-E) with a motorized nosepiece. A high speed camera (Pho Imaging ORIA CL-CS-1) capable of capturing a video at a maximum frame rate of 580fps is installed onto the microscope. The optical pathway of the Nikon microscope is modified with a 20x objectives to focus the image from a 5500 lumens projector (Panasonic PT-EW630) onto the a-Si:H layer of the chip device. The final image size on the a-Si:H layer is 180 m x 108 m giving a 0.14 pixel to 1 micron ratio.. The projector is controlled by one computer whereas another computer is used to display the real-time image captured by the microscope with minimal background lighting. The joystick is connected to the computer linked with the projector and interfaced by software to control the light pattern projected onto the ODEP chip interactively. 
B. Real-time Control Via Joystick
The real-time controlled manipulation of micro-scale beads in an ODEP chip described above was performed by interfacing a joystick input with Adobe Flash Actionscript programming. The choice of Flash Actionscript was because of its advantage of allowing the creation of complex graphics easily. The light pattern for effectively trapping and moving beads was designed as a ring attached with a short line. The pattern was designed as such so that it will trap the particle in the middle by a surrounding negative ODEP force. Moreover, the short line has the functionality of indicating the orientation of the light tweezers. Illustrated in the flowchart in Fig. 3(a) , the program uses the frame-by-frame architecture in which, before updating the next frame, it detects the joystick input and determines the of the next frame. This allows intuitive 2D navigation of the tweezers across the ODEP chip device. The tweezers was also designed to be able to toggle its open and close state as shown in Fig. 3(b) . The buttons of the traditional video-game joystick were chosen to be intuitive and could enhance the ease of manipulation as shown as in Fig. 3(b) . In Fig. 4(a) , three beads are shown to be trapped and transported in real-time via control by the joystick. The manipulation was operated using a frequency 100 KHz of 24V pk-pk voltage applied between the upper and lower substrates of the ODEP chip. 
IV. EXPERIMENTS
A. Frequency Spectrum for Microbead Manipulation
To further characterize the operating conditions for the ODEP system, a set of tests were carried out. Beads of different sizes were tested separately for their maximum trapping velocity at different frequencies.Polystyrene beads with diameter of 4.5 m, 10 m and 20 m of 2.52% w/v were obtained from Polyscience, Inc. The beads were diluted with deionized water at a ratio of 1 to 99. The deionized water was measured to be at a conductivity of using AZ8351 Conductivity Pen. The solution was injected into the space of the ODEP chip. The voltage potential difference was kept at a constant of 18.5V and the spacer width was 70 m for the all conditions in this experiment. As shown in Fig.  4(b) , the maximum trapping speed test was done by trapping a single bead using a homogenous ring and travelling within left end and right end of the view-of-field starting from a low constant speed controlled by the program. The program had an update rate of 60Hz. The speed was increased at a step of 1 m/s after 10 successful cycles. The maximum speed before when the bead escaped was taken as the maximum trapping velocity. The maximum trapping velocity against frequency plot of the 4.5 m, 10 m & 20 m beads are shown in , and respectively. The trend is clear that as the frequency increases, the maximum trapping velocity decreases. Moreover, for larger entities, the maximum trapping velocity is greater, meaning that larger entities can be transported faster and more efficiently. In fact, in , and , the corresponding ODEP force on the bead is shown (calculated by Stokes Law) with maximum trapping velocity. The force is in the order of picoNewtons and increases with applied frequency and object size. Hence, by determining the speed ceiling of different electrokinetics and image projection conditions, we can prevent the escape of micro-scale particles during real-time manipulation.
B. Maximum trapping velocity against smoothness of light motion
The motion of the optoelectronic tweezers is realized by frame-by-frame animation. Therefore, the motion is composed of discrete steps and the smoothness of motion is determined by the frame rate of animation and also the projector refresh rate. It is known from simulations that near the edge of the light pattern, the repulsive force is largest on a particle, while the force becomes weaker as a particle moves away from the light. Since each frame would stay for a certain time in millisecond, there will be a short window for the particle to decelerate, due to a decreased force in resisting the drag force. Therefore, the shorter the window, or smoother the motion is, the higher will be the maximum trapping velocity. To verify this hypothesis, the maximum trapping velocity was measured with a varying frame rate of the animation. The maximum trapping velocity was measured with a different light pattern discussed in the previous section. A vertical line travelling between left and right was enclosed in a larger rectangular cage, so to ensure only one direction of force would act on the bead during the manipulation process. Moreover, this image configuration will allow the beads to be enclosed by the larger rectangular trap even if it escapes from the moving line.. This image pattern is shown in Fig. 4(c) . The experiment is then carried out with the same conditions as stated the previous section except that voltage is increased to 24V and frequency is kept at 100 KHz. The frame rate is then varied through the software, i.e., varied with frame rates at 15Hz, 20Hz, 30Hz and 60Hz. The result of the experiment matches the hypothesis that the frame rate affects the maximum trapping velocity and possibly follows an exponential trend as shown in Fig. 8 . 
C. Estimating ODEP force using high-speed camera
Since 60Hz is the maximum update rate for Adobe Flash, therefore the asymptote is difficult to determine from the frame rate experiment mentioned above. It is possible that the maximum trapping velocity can be much higher above 60Hz. The fact that maximum trapping velocity changes with frame rate makes the force estimation from maximum trapping velocity unreliable. It also underestimates the maximum ODEP force on the particle. Hence, we present here another method to estimate the ODEP force. As shown in Fig. 9 (a) , a stationary bead originally lying at the edge of a projected line image experiences a negative ODEP force when an instantaneous electric field is applied to bead. Using a high speed camera, we captured the motion of the bead at 580fps which allows us to analyze the trajectory of the bead in slow motion. The light image pattern is the same as the pattern used in previously discussed frame rate analysis experiment. The video data was analyzed by Matlab toextract position information of the bead relative to the line edge through narrowing the histogram information of each image. Interpolating the discrete position data with a smoothing spline method [15] , the velocity and acceleration of the bead with respect to time was obtained by numerical differentiation. The force can then be related to the acceleration and velocity information by the force balance equation below:
The experimental displacement-time graph and the velocitytime graph are shown in Fig. 10 and Fig. 11 . Moreover, the ODEP force distribution on the bead with respect to the displacement relative to the line edge is shown in Fig. 9 . In Fig. 9 (b) the maximum force appears at 3 m of 99.17pN. The corresponding maximum trapping velocity if this maximum force can be maintained throughout manipulation is 1052 m/s. In fact, the force estimated by this method is three times greater than the force estimated by maximum trapping velocity obtained by a moving line updating at 60Hz for the same bead and conditions. With this result, we validated the hypothesis that the velocity obtained by a moving line would underestimate the actual ODEP force on the bead when Stokes Law in Eq. 2 is used. A correction factor related to frame rate would need to be added to Stokes Law if the maximum trapping velocity is taken as the equilibrium velocity in this context. This gives:
where is a function of frame rate . Therefore, if the window for deceleration can be further shortened by either increasing the software frame rate or the projector refresh rate, so as to keep the force on the bead close to maximum, the bead can be transported through the chip at a velocity as high as~1mm/s.
V. CONCLUSION
In this work, an intuitive real-time platform is demonstrated for micro-scale manipulation in fluidic media --the platform is realized by integrating a joystick with an ODEP system. We investigated how fast users can manipulate a micro-bead at different electrokinetics and imaging conditions, including AC frequency, projected image motion smoothness, and bead size. Experimental results show that the system can manipulate a bead at a maximum velocity of 347 m/s. We also discovered and verified that the smoothness of the light motion, determined by software and hardware refresh rates, limits the maximum trapping velocity. It implies that the force estimation using maximum trapping velocity as equilibrium velocity in Stokes Law would lead to underestimation in this context. A better approach in estimating the ODEP force is proposed in this paper. The results from this study show that further improvement is possible to increase the maximum trapping velocity of ODEP systems, i.e., through increasing the software and hardware refresh rates for animated light projection images.
